A method is described for the assay of myoglobin in all mvoglobin containing tissues of the rat, in particular the heart and diaphragm. Total body myoglobin increased 707~ above sea level values, both in animals taken from sea level to 12, 500 feet and in animals born and reared at 12,500 feet. In comparison with the muscle hemoglobin concentration increase of 500/& the blood hemoglobin concentration increased only 25% above sea level values. Whole body content of myoglobin was determined directly, and this amounted to 17.3 mg/Ioo gm of body weight, or to 42.3 mg/Ioo gm of wet muscle. Partition of the body myoglobin among seven muscle groups was ascertained. Heart, diaphragm and the two masseters contain only about 10%
of the total myoglobin. Evaluation was made of the factors that have been suggested to explain the disparity in the originally reported myoglobin increases at high altitude of Hurtado el al. and more recent work. It is clear that failure to obtain the increase in the rat is attributable to the use of intermittent rather than continuous high altitude exposure. Evidence for full acclimatization in the animals here used was adduced. The suggestion is made that myoglobin maintains an optimal oxygen gradient between the cell plasma membrane and the mitochondria, and in so doing is involved in dynamic relation to cellular oxidation T HERE exists a remarkably varied literature about myoglobin, which when considered with findings in the present study and the modern work on cellular organization suggests a dynamic role of the pigment in muscle function. The possibility that an increased amount of myoglobin is a means of muscle adaptation to high altitude bears importantly on the question of the role of the pigment, and it has stimulated much work involving hypoxic exposure of animals. Although more recent work exists, the review of Millikan is, nevertheless, still pertinent and informative (I).
The present study was undertaken in order to clarify the apparently contradictory results of myoglobin changes following hypoxic exposure as studied by Hurtado et al. (2) , on the one hand, and by Clark et al. (3) , Bowen and Eads (4), Bowen and Poe1 (5) and Poe1 (6) , on the other hand. It now seems that the reported differences arose out of failure to obtain the truly acclimatized state in the latter group of studies. In the present study, critical evaluation was made of the factors upon which depends the determination of body myoglobin content. The facilities of the White Mountain Research Station at 12, 500 feet altitude have afforded a unique opportunity to study fully acclimatized rats, and rats born and reared at the location. PROCEDURES 
AND METHODS
Three major classes of rats were used in this study, designated SL, P and Fx, all having derived from LongEvans stock at the Berkeley laboratory. Animals maintained and assayed at Berkeley, designated SL, for Berkeley is essentially at sea level, served as the controls for the high altitude groups, P and F2. The P animals were rats taken from Berkeley at body weights between 150 were fed the same hard pellet diet. Temperature records showed no great variation from the average room temperature of 68°F at both locations. In the rat there are no previously reported methods applicable to all of the myoglobin-containing tissues, which measure myoglobin independently of hemoglobin. In contrast with the rat, the myoglobin of other species has been studied in quite pure preparations, although not for all muscle groups of any given species (1, 7-g). For aqueous extracts of the tissues of the rat, heat precipitation of turbidity-causing proteins (6) was not found to be suitable for heart and diaphragm, and muscle samples containing bone, nor was it found to be reliable for all other skeletal muscle of the LongEvans rat. As here presented, myoglobin was isolated by a sequence of steps involving viviperfusion, tissue reading and hemoglobin determination. The legs were massaged and flexed during the IO minutes' course of the perfusion, after which the carcass was skinned and eviscerated, saving the heart and diaphragm. The feet, the distal two-thirds of the tail and the head were discarded, saving, however, the numerous muscles of the neck area. All loose fat was trimmed away, and the muscle carcass rinsed of spilled blood. From this point, the subsequent myoglobin assay was carried out in one of two ways, 'whole carcass' or 'breakdown' assay. In the former case, the entire muscle carcass, including the attached skeleton, was assayed for myoglobin content.
In the latter case, the individual heart, diaphragm and the two masseters, dissected free, were individually assayed for myoglobin content. Also, in the latter case, pooled forelimb, pooled hind leg and pooled torso muscles, dissected free, were assayed in individual groups, as well as the 'carcass residue,' which contained the remaining 25% of the muscle. Muscle of the carcass residue was found in interverte- The small muscles, heart, diaphragm and masseter were finely cornminuted in a 6-cm mortar, continuously adding dry ice powder to keep the tissue frozen.
The aliquots, or the entire supernatants in the case of heart, diaphragm and massater, were brought to 54"C, immediately cooled in ice water and centrifuged at 900 g for IO (12) . calculated by the
RESULTS
The results of comparing myoglobin concentration in muscles of sea level animals with those of high altitude animals are shown in figure 3 . Of the seven muscle tissue groups in the high altitude males, all show an increase in myoglobin concentration as compared with the same groups in sea level males. The high altitude females show a similar pattern except for the foreleg and carcass residue. Numbers of females were half as large as of males, and it is likely that the two exceptions reflect an inadequate sample size, females not having been a primary object of study here.
In order to rule out the possibility of muscle weight changes as a variable in the opposite direction, myoglobin concentration was compared with muscle weight, figure 4 showing both sets of data for the whole animal. Table 2 gives the significance of the difference between high altitude and sea level2 for muscle weight and myoglobin concentration for the three discrete muscles, heart, diaphragm and masseter, and for the total musculature. Muscle weight was significantly changed only in the total musculature of P animals, where it increased slightly. Certainly in no case was there 2 Significance of the difference between the sea level mean and a high altitude mean, expressed as the probability value P in table 2 and the legend of fig. 4 a decrease in muscle weight in the high altitude animal classes. Whole body content of myoglobin was determined on the basis of body weight, as well as on the basis of wet muscle weight, and these data are reported in table 3. It may be seen that whole-body myoglobin, as well as myoglobin concentration, was increased in both high altitude classes of animals.
Because total myoglobin was determined, relative distribution could be compared in the several tissue groups. Figure 5 shows this distribution for males at sea level and at high altitude. The only significant differences in myoglobin distribution of the high altitude muscle groups as compared with the corresponding sea level groups were found for heart myoglobin in Fz animals, at a .02 probability level, and for torso muscle myoglobin in FL animals, at a .dg probability level. Otherwise the pattern of distribution was similar to that at sea level. The explanation in the case of the torso muscle myoglobin is obscure; however, in the case of increased heart myoglobin, it seems that the FZ animals fulfilled a potential in regard to which the P animals may have been too old when first taken to the high altitude.
For the forcibly exercised P females, the mean values of the total muscle ratio and myoglobin concentration, in comparison with figure 4 , were, respectively, 47.9 gm/roo gm body weight and 4.62 mg/gm dry muscle. It seems that the forced exercise conditions caused an appreciable increase in myoglobin content, in addition to that caused by the high altitude.
Hemoglobin concentration and hematocrit reading in whole blood both showed a highly significant elevation in the high altitude animals when compared with sea level controls. These data are reported in table 4.
DISCUSSION
The bulk of myoglobin is scattered throughout the body, and its concentration may vary considerably from muscle to muscle, as is seen in figure 3 . Macroscopic examination of well perfused muscle carcasses readily reveals light and dark differentiation, the largest quantities of myoglobin-poor, pale muscle being found in (14) value of 0.004 ml blood of hematocrit 0.21 for the residual blood content per gm of dissected, blotted, nonperfused muscle, one may estimate that 4% of the total pigment might be hemoglobin,3 a rather small fraction.
Exercise conditions are known to affect myoglobin content of muscle (I, 3) , as well as hypoxia. Because cardiac output and ventilation rate are increased during acclimatization (I 5>, heart and diaphragm represent two muscles whose work load is increased. In this sense, then, they are exercised more at high altitude hand, represents a muscle whose work load is the pooled muscle groups. Hence, generalizing about whole body content on the basis of myoglobin concentration in particular muscles may give misleading estimates of whole body content. As may be seen in figure 4 , for whole body myoglobin content, the high altitude increase amounted to about 70% above values, i.e., myoglobin concentration sea level increase by a factor of 1.5 and muscle weight ratio increase by a factor of 1.1, for both P and Fz animals. Furthermore, for either P or Fz animals, myoglobin concentration increased by 50% above sea level values; whereas, in comparison, hemoglobin concentration increased by 25% above sea level values. Such a large increase in the total my poglobin content may well represent an important feature of acclimatization to high altitude.
These findings differ with those of some workers (4) (5) (6) , all of whom used intermittent low pressure chamber exposure to simulated high altitude. The findings corroborate, however, the original observations of Hurtado et al. (2) and later work reported by Vanotti (13) relatively constant at . high altitude provided the animal's eating habits are not greatly changed. Hind leg muscles, which in the rat serve chiefly for postural maintenance, were considered as analogous to the masseter regarding work load. Within experimental variation, masseter and hind leg myoglobin increased to the same extent as did heart, diaphragm and total muscle myoglobin, comparing high altitude tissues with sea level tissues. Although the forcibly exercised P animals seem to have an appreciably higher myoglobin content than the nonexercised P animals, it should be remembered that extreme exercise conditions were employed. That exercise was a relatively minor factor in the nonexercised animals, however, is clear from the fact that the exactly duplicated caging conditions tend to restrict animal movement at sea level and at high altitude. Continuous exposure (2) and intermittent exposure (4) experiments in dogs, and continuous exposure (personal communication from R. T. Clark, May 6, 1952) and intermittent exposure (II) in rats have been examined. With both animal species, intermittent exposure has resulted either in no changes or in decreases in myoglobin content, whereas continuous exposure has resulted in increases in myoglobin content. Similarly, with guinea pigs continuously exposed, Vanotti reported a myoglobin increase (13) ; however, Clark et al., using hamsters continuously exposed, did not repor ence, t an insu increase (3) . Wh ether species differ-.fficient exposure period for acclimatization, or a peculiarity of the particular muscles assayed is involved in the case of the hamster cannot be decided from the data presented. In any event, the situation for conditions of moderate, continuous high altitude exposure in the rat is clear-cut.
The 2+ months' exposure period for the P animals, prior to assaying, is sufficiently long for many of the known aspects of acclimatization to have occurred (IS), in particular, the return of normal reproductive and growth processes and the elevation of blood hemoglobin. It should be pointed out that no live litters were produced from the P animals until after a 2 months' period at 12, 500 ft. Under continuous exposure, growth, return of normal reproductive function and the elevated hemoglobin response may be considered as evidence that the animals were fully acclimatized when assayed for myoglobin.
In view of the marked response to high altitude exposure, perhaps myoglobin should be accorded a more dynamic role in muscle function than that of an emergency oxygen store. Myoglobin may serve to maintain an optimal oxygen gradient between the cell plasma membrane and the mitochondria. While this concept is suggested by two morphological features, myoglobin being located in the intracellular fluid and the cytochrome system in the mitochondria (16) , a more potent consideration are its oxygen dissociation properties. As Hill suggested (I 7), the slightly higher oxygen half saturation pressure of myoglobin of 7 mm Hg as compared with a minimum working pressure of cytochrome oxidase of 5 mm Hg implies a transport relationship between the two systems. Oxymyoglobin content, or intracellular oxygen content, appears to be relatively free from effects of incidental changes in diffusion path (cell shape) and intracellular PH; this clearly follows from its properties: a high oxygen affinity, hence a steep gradient into the cell, and lack of a Bohr effect. Under high altitude conditions, it is not known whether increased cardiac output or later increased red blood cell count ever fully compensate the consequent tissue oxygen handicap. Assuming it does not, and assuming that reduced cytochrome and oxymyoglobin exist in equilibrium with respect to each other, catalyzed by cytochrome oxidase, then a kinetic advantage would be afforded by increases in either or 556 BURTON E. VAUGHAN AND NELL0 PACE both cytochrome and myoglobin. Two reports that a minimum oxygen tension exists inside are of interest in this connection, for just as with myoglobin, cytochrome content of muscle the muscle cell and that myoglobin metabohas been observed to increase following continuous, lism subserves this requirement. moderate high altitude exposure (13, 18) . Such findings, however, have not always occurred in studies where high altitude exposure has been extreme or intermittent. In consideration, one cannot avoid the inference
